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 Evaluation of Enhancing CO2 Sequestration by Post-Brine Injection under Different Scenarios 1 
Using the E300 Compositional Simulator 2 
ABSTRACT 3 
To accelerate the CO2 trapping in geological storage sites, several injection strategies have been 4 
proposed by researchers yet. However, the question remains unanswered as to which one of these 5 
injection strategies is the most efficient in terms of immobilizing CO2 and most importantly, how 6 
these strategies might be improved. In this paper, we attempt to simulate a typical geological CO2 7 
storage scheme in an aquifer using an E300 compositional reservoir simulator and subsequently 8 
investigate and compare the impact of various injection strategies on CO2 immobilizing efficiency. 9 
Secondly, the impact of adding a short period of post-brine injection on various strategies is newly 10 
investigated. 11 
Our results reveal that using a relatively short period of post-brine injection can significantly improve 12 
total CO2 trapping efficiency in all the strategies. In general, by using post injection of brine, more 13 
CO2 is spread out through the aquifer and ,as a consequence, by increasing the interfacial area of the 14 
CO2 plume, the amount of dissolution as a result of mass transfer increases significantly. Moreover, 15 
the effect of convection can become stronger in the case of post-brine injection creating a stronger 16 
density instability and thus a more rapid initiation of convection. Furthermore, when brine is injected 17 
into the system, CO2 is displaced laterally away from the well which results in a forced imbibition 18 
process by injected brine and thereby enhancing the capillary trapping efficiency. In particular, the 19 
post-injection of brine has other effects in horizontal injection and simultaneous CO2/brine injection 20 
using different intervals. In this regard, post-brine injection creates a stronger downward pressure 21 
gradient that counters the tendency of the CO2 plume to rise and therefore retards the CO2 in reaching 22 
the top of the aquifer and increases the time that the CO2 can be in contact with the fresh formation 23 
brine accordingly.  24 
We envisage that the method could enhance the total trapping efficiency of CO2 from 26%, 30.8%, 25 
39.8% and 59.1% to 47.7 %, 44.2 %, 62% and 63.9%, when post-brine injection was added into 26 
 different strategies of CO2 continuous injection, simultaneous injection of CO2 / brine in the same and 27 
different intervals and a horizontal system, respectively.  However, our findings show that the 28 
effectiveness of post-brine injection may be reduced in high vertical permeability values and in this 29 
respect, capillary trapping can be more affected by vertical permeability variation. Furthermore, the 30 
results show that selection of the rate and duration of post-brine injection can have considerable 31 
effects on total CO2 trapping efficiency. 32 
Key words: CO2 Storage, Brine Injection, Injection Strategies, Capillary Trapping, Dissolution 33 
Trapping, CO2 Trapping, CO2 Sequestration 34 
1. Introduction 35 
Global warming is considered as one of the most significant environmental issues facing society 36 
(IPCC, 2005). The temperature rise is mainly as a result of the ‘greenhouse’ effect in which CO2 plays 37 
an important role. There are some novel technologies promoted to help in reducing the effect of CO2 38 
emission on the environment. The most radical is a complete ban on fossil fuel combustion.  One 39 
more palatable option is carbon capture and storage (CCS) which is best utilized in major stationary 40 
sources such as utility boilers for power production or industrial plants. In the CCS process, CO2, 41 
along with
 
some potential impurities such as acidic gas, is separated from the exhaust gases of a plant. 42 
The CO2 is then compressed to a liquid and transported via tankers or a pipeline to the field in which 43 
it is meant to be injected in an underground geological storage (IPCC, 2005). The geological CO2 44 
storage was first proposed in 1970 (Halloway and Davage, 1993). Nonetheless, extended research 45 
into CCS started in early 1990’s.  46 
Promising potential geological storage sites for CO2 include depleted oil or gas reservoirs, deep saline 47 
aquifers and coal beds. Among these, deep saline aquifers have been mainly considered as a primary 48 
geological solution for CO2 storage. These geological storage formations consist of a permeable 49 
porous media under high temperature and pressure. Generally, the CO2 is injected as a supercritical 50 
fluid (Ennis-King and Paterson, 2002). However, the injected CO2 is less dense than the formation 51 
brine leading to the gas migrating to the top of the site as a result of buoyancy forces where it 52 
 eventually accumulates. Given the life span of a CCS initiative is hundreds of thousands of years, it is 53 
essential that the selected location has the necessary morphology to prevent the CO2 from escaping. 54 
Therefore, a geological storage site must contain a sealing cap rock that is capable of providing a 55 
vertical barrier through a geological seal. 56 
Four trapping mechanisms have been identified in the underground storage of CO2 that can prevent 57 
the gas
 
from escaping and secure its long-term storage. These mechanism are as follows: structural 58 
trapping (Sealing Cap Rock), capillary trapping, dissolution (including diffusion and convective 59 
mixing) and mineral trapping. 60 
It is believed that unlike mineral trapping, which occurs very slowly, capillary trapping and 61 
dissolution are the most significant and fastest means for long duration CO2 sequestration. In the 62 
following, these two mechanisms are briefly explained.  63 
Capillary or residual trapping is an important mechanism for trapping CO2. The idea is to take 64 
advantage of the capillary effects to trap CO2 as an immobile phase. In other words, this trapping 65 
mechanism is induced when CO2 is injected near the bottom of the aquifer and the CO2 bubble rises to 66 
the top of the aquifer due to buoyancy. Once CO2 injection ends, the fluid displacement leading to 67 
residual saturations depends on the absolute and relative permeabilities, hysteresis, buoyancy forces, 68 
the dip of the aquifer, the natural background flow gradient, and the magnitude of the residual 69 
saturation (Kumar et al., 2005). Spiteri et al. (2005) provided a comprehensive summary of several 70 
capillary gas trapping models. The classical Land’s model (Land, 1968), however, is widely used in 71 
simulation processes.  This trapping mechanism has been recognized as the most rapid method to trap 72 
CO2 with time scales in the order of years to decades (Ennis-King and Paterson,2002; Kumar et. al., 73 
2005; Obi and Blunt, 2006; Juanes et al., 2007; Qi et al., 2007). 74 
On the other hand, CO2 dissolution is defined as dissolution of CO2 into brine as a result of convective 75 
mixing and molecular diffusion (Riaz et al., 2006). Dissolution of CO2 into brine is rapid, but the 76 
overall rate of mass transfer depends on contact between the phases. This is a complicated function of 77 
time, especially after injection stops, controlled by the same parameters as the post injection fluid 78 
 displacement (Kumar et al. 2005). In this respect, the model presented by Spycher et al. (2003) is 79 
widely used to calculate the CO2 dissolution in brine. They studied the behaviour of a mixture of H2O-80 
CO2 at the temperatures between 12–100 °C and pressures up to 600 bar. 81 
However, one of the main concerns in any CO2 storage process is the potential risk of CO2 leakage 82 
through sealing cap rock. Any cap rock has a sealing capacity making it able to resist the short-term 83 
excess injection pressure, and the long-term buoyancy pressure. However, this sealing capacity may 84 
degrade in time for several reasons (Espinoza and Santamarina, 2017). Therefore, in any storage 85 
process, the main objective is to immobilize the CO2 as soon as applicable.  86 
Most of the previous simulation studies in the literature are based on injection strategies where a 87 
continuous CO2 stream is injected into the aquifer for a defined period of time. Subsequently, the 88 
injection wells are shut-in for different periods of time and then the effects of different parameters on 89 
CO2 sequestration performance are evaluated. In this process, the amount of CO2 trapped and 90 
dissolved in the brine can be determined using commercial mathematical models (Kumar et al., 2005; 91 
Juanes et al. 2006; Ide et al., 2007). However, to accelerate the CO2 trapping process and minimise 92 
the amount of mobile CO2 beneath the cap rock, the concept of brine injection has recently gained a 93 
great deal of attention (Juanes et al., 2006; Leonenko et al. 2006; Anchliya et al., 2012; Nghiem et al., 94 
2009; Qi et al., 2008; Burton and Bryant 2009; Eke et al., 2011; Zirrahi et al., 2013; Shariatipour et 95 
al., 2016). This referenced work has demonstrated that brine injection in an aquifer can not only 96 
considerably accelerate the dissolution of CO2 in an aquifer, but also enhance the CO2 capillary 97 
trapping efficiency. Therefore, the time-scale of CO2 immobilisation within the aquifer can decrease 98 
significantly and, as a consequence, the risk of potential leakage through cap rock can be reduced. In 99 
this regard, several injection strategies have been proposed such as simultaneous CO2 /brine injection 100 
as a mixture (Burton and Bryant 2009; Eke et al., 2011; Kumar et al. 2005; Shariatipour et al., 2016; 101 
Zirrahi et al., 2013, Qi et al., 2008), simultaneous injection of CO2 /brine in different completion 102 
intervals (Nghiem et al., 2009), horizontal injection strategy (Anchliya et al., 2012), CO2/brine 103 
alternating injection (Juanes et al., 2006). 104 
 When designing a sequestration project in a saline aquifer, however, it is necessary to predict the 105 
distribution and long-term behaviour of CO2. In this regard, some subsurface interactions occur within 106 
the system, such as chemical reactions, dissolution and capillary trapping, which control the CO2 107 
distribution, migration and immobilisation within the storage site (Yang et al., 2010) and therefore 108 
they must be considered within the CO2 storage programme 109 
In addition, in order to predict the behaviour of CO2 during sequestration and monitoring the aquifer 110 
to avoid any potential leakage of CO2 through the cap rock, it is essential to model and simulate the 111 
movement and behaviour of the injected CO2 during and after the injection periods. This includes the 112 
CO2 distribution and a quantification of the total amount of mobile and immobilised CO2 within the 113 
aquifer. As such, numerical simulation is necessary to optimize CO2 sequestration design in order to 114 
make decisions in regard to the optimum operating conditions, including the number of injection 115 
wells, well completion, well placement and injection rates, which leads to the optimum CO2 116 
immobilization and reduction of the upwards migration of CO2 (Delshad et al., 2010). 117 
The present study discusses simulation results for various injection strategies with and without post-118 
brine injection in a 2D homogenous aquifer, and tries to identify the best injection strategy leading to 119 
the trapping of the most CO2 in for a given time period.  This could serve as the basis for determining 120 
whether or not further work should be conducted on the discussed strategies in conditions closer to 121 
real condition.  122 
2. Materials and Methods 123 
2.1 Project design  124 
A series of simulations were carried out for different injection scenarios to assess their impact on the 125 
distribution of injected CO2 and the amount of CO2 dissolved and trapped in a storage concept. This 126 
was undertaken using a commercial compositional reservoir simulator, Eclipse 300 with CO2STORE 127 
option. 128 
The amount of CO2 dissolved in the formation water can be explicitly put into the simulation model 129 
by using realistic fluid properties model based on pressure, volume and temperature (PVT) data 130 
 obtained from the laboratory. This data needs to be recorded at different temperatures and pressures, 131 
including viscosity and density of both brine and CO2 (Qi et al., 2008). Alternatively, in 132 
compositional simulators, such as E300, the CO2 solubility in the aqueous phase can be calculated 133 
using EOS models as a function of temperature, salinity and pressure.  134 
In this study, only dissolution and capillary trapping have been considered and since the timescale of 135 
simulation is not long, the mineral trapping is expected to be negligible. In the following, the reservoir 136 
description and different injection scenarios are presented, initially with the trapping indicators 137 
subsequently being defined on which the different scenarios have been assessed. 138 
2.2 Reservoir description 139 
A 2D homogenous fine grid geological model with 10,400 (120 × 1 × 90) grid blocks with a size of 140 
(15m × 15m × 2m) was used in this study. The deep saline aquifer was 2100 m deep with a 141 
thickness and lateral extent of 180 m and 1,800 m, respectively. The aquifer is closed with no-flow 142 
boundaries i.e. an isolated reef surrounded by tight rocks in real condition (Bachu, 2015; Smith et al., 143 
2001). Other parameters used in the simulation are shown in Table 1. The properties used are typical 144 
characteristics of a deep saline aquifer and are, in particular, very similar to those used by Nghiem et 145 
al. (2009). 146 
Table 1  Reservoir parameters used in the model 147 
Properties Values Units 
Porosity 0.2 -- 
Permeability 100 mD 
Kv/Kh * 0.1 -- 
Rock compressibility 5e-05 1/bar 
*Vertical to horizontal permeability ratio 148 
The aquifer was initially fully saturated with brine with an initial pressure of 190 bar and a 149 
temperature of 40°C. These conditions met the requirement for having supercritical CO2 within the 150 
reservoir (31.04°C and a pressure of 73.82 bar). The concentration of NaCl is 32,000 ppm at a depth 151 
of 2100 m and is assumed to be constant throughout the entire aquifer. The density of gas was 152 
 calculated using a cubic equation of state and tuned to obtain an accurate density of the compressed 153 
supercritical CO2 (Schlumberger, 2015). Except for two strategies of horizontal injection and 154 
simultaneous CO2/brine injection in different intervals, all other strategies had an injection well 155 
perforated in an interval of 60 – 90. The relative permeability of water and gas for water-wet Berea 156 
sandstone and gas-water system were used in the simulation. The relative permeability and capillary 157 
curves are shown in Fig 1 and Fig. 2.  158 
 159 
 160 
 161 
Fig. 1  Relative permeability curves for gas-water system 162 
 163 
Fig. 2  Capillary curve 164 
 165 
2.3 Injection strategies 166 
As mentioned above, different strategies for brine injection have recently been the focus of interest. In 167 
this study, first, a continuous CO2 injection for 15 years plus 100 years shut-in-well was run as the 168 
base case. Junes et al. (2006) showed that higher injections rates lead to more efficient macroscopic 169 
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 trapping and lateral movement of CO2 as a result of the higher gas pressure in the vicinity of the wells 170 
and also the occurrence of the ‘snap-off’ phenomenon. Therefore, the selected injection rate needed to 171 
be as high as possible. However, higher injection rates lead to higher bottom hole pressures (BHP). 172 
Therefore, a BHP limit must be taken into account when an injection rate is selected. In our study, 173 
injection rate of 20 rm3/day was chosen (equivalent to roughly 11,909 kg/day).  174 
In contrast, some researchers have identified the risk of over pressurization of the finite Saline 175 
Aquifers as a result of CO2 injection (Ennis-King and Paterson, 2002; van der Meer and van Wees, 176 
2006). The effect can be exacerbated when brine and CO2 are injected simultaneously. Obviously, as 177 
the pressure of the aquifer increases, the risk of CO2 leakage through the sealing cap rock is enhanced. 178 
One way to maintain aquifer pressure in a favourable range is to place some extra wells to produce 179 
brine. Even though this may increase the costs of a CO2 sequestration project and also increase the 180 
risk of CO2 or carbonated water breakthrough, as the outcomes of over pressurization of the aquifer 181 
might be worst, placing of production wells in order to balance the aquifer pressure may be the only 182 
solution. This is not only reduces the risk of over pressurization and potential CO2 leakage, but also 183 
can increase the CO2 storage capacity. As such, in all the scenarios evaluated, a production well is 184 
present at the right corner of the model, which is far enough from the injection well and also is 185 
completed in the last 20 m intervals to avoid of any potential CO2 or carbonated water breakthrough.  186 
Once CO2 is injected, the trapping in the aquifer depends on three factors, namely pressure, 187 
temperature and the salinity (Duan and Sun, 2003;  Spycher at al., 2003). The last two are constant 188 
during a CO2 sequestration project (unless in some certain conditions, such as brine injection with 189 
different composition into the reservoir). The aquifer pressure, however, varies with the amount of 190 
injected CO2 and therefore increases with CO2 injection. On the other hand, the same conditions in 191 
terms of aquifer pressure for all different injection scenarios need to be maintained in order to make a 192 
valid comparison. Hence, in the present study, following the first pressure build-up to around 305 bar, 193 
the pressure, which is high enough to yield optimum trapping efficiency, was maintained.  194 
 Therefore, for the first three years of CO2 injection, the production well was shut-in to let the reservoir 195 
pressurize to around 305 bars. Then, the production well started to produce with the same rate as the 196 
injection rate (both in the reservoir control mode) until the end of the injection period.  197 
After performing the base case simulation for continuous CO2 injection, other strategies were 198 
simulated, and the results subsequently compared to each other in terms of their capability to 199 
immobilise CO2. The injection scenarios are shown in Table 2. The simulation time step for all the 200 
scenarios is 115 years in total. 201 
 202 
Table 2  Injection strategies 203 
NO. Scenario Description 
1 Continuous CO2 injection 1 
(Base Case) 
15 years CO2 injection, followed by 100 years shut-in-well. 
2 Continuous CO2 injection 2 15 years CO2 injection, followed by 2 years post-brine 
injection and 98 years shut-in-well. 
3 Simultaneous injection of 
CO2 /Brine in the same 
interval 1 
15 years of simultaneous brine and CO2 injection using a 
same well, followed by 100 years shut-in-well. 
4 Simultaneous injection of 
CO2 /Brine in the same 
interval 2 
15 years of simultaneous brine and CO2 injection using a 
same well, followed by 2 years post-brine injection and 
finally 98 years shut-in-well. 
5 Simultaneous injection of 
CO2 /Brine in different 
intervals 1 
15 years of simultaneous brine and CO2 injection using two 
different wells, followed by 100 years shut-in-well. 
6 Simultaneous injection of 
CO2 /Brine in different 
intervals 2 
15 years of simultaneous brine and CO2 injection using two 
different wells, followed by 2 years post-brine injection and 
finally 98 years shut-in-well. 
 7 Horizontal CO2 and Brine 
injection 1 
15 years simultaneous brine and CO2 injection using two 
horizontal wells, followed by 100 years shut-in-well 
8 Horizontal CO2 and Brine 
injection 2 
15 years simultaneous brine and CO2 injection using two 
horizontal wells, followed by 1 year post-brine injection and 
finally 99 years shut-in-well 
9 CO2/Brine Alternating 
Injection  
2 years Gas injection followed by 1-year brine Injection for 
5 Cycles (15 years total) and finally 100 years shut-in-well 
 204 
2.4 Trapping index 205 
In each scenario, the amount of injected CO2 can be different and therefore no direct comparison can 206 
be valid. Therefore, it is essential to define some indices to normalise the trapping efficiency. In this 207 
study, the following trapping indices are presented. 208 
 209 
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3. Results and discussion 215 
3.1 Continuous CO2 injection 216 
For the base case, CO2 was continuously injected into the aquifer for 15 years, at a rate of 20 rm3 /day 217 
for the first three years. The production well then started to produce formation water at the same rate 218 
 as the CO2 injection. This not only allows more CO2 to be injected as a result of the relatively constant 219 
pressure (our simulations showed that without designing a production well, no more than nine years 220 
CO2 injection was allowed as the reservoir pressure builds up to the fracture pressure limit), but also 221 
maintain the pressure in a favourable range that maximises the trapping efficiency while minimising 222 
the leakage potential through the sealing cap rock. After 15 years injection, the well was shut-in for 223 
100 years and the trapping efficiency was subsequently determined.   224 
As our results showed, 9.8 % of the injected CO2 was dissolved into the brine. Furthermore, the 225 
amount of CO2 capillary trapped almost doubled to 16.4%. This means that 26.2 % of the entire 226 
injected CO2 was dissolved or trapped within the aquifer during a total of 115 years of CO2 227 
sequestration. However, a considerable percentage of CO2 (73.7 %) remained mobile. 228 
As shown in Fig. 3, in terms of CO2 distribution, the injected CO2 expanded laterally and 229 
simultaneously migrated upward during the injection period. When injection stopped, the lateral 230 
expansion also stopped and all the CO2 migrated gradually towards the top of the aquifer. Finally, at 231 
the end of the simulation, all of the CO2 remaining accumulated at the top of the aquifer.   232 
 233 
Fig. 3  CO2 distribution through the aquifer over simulation period of continuous CO2 234 
injection 235 
 As shown in Fig. 4, our results showed that capillary trapping was not limited to the post-injection 236 
stage and started from the beginning of CO2 injection into the aquifer. More importantly, the rate of 237 
CO2 trapping was greater than it was in the post-injection period.  238 
Similarly, the rate of dissolution was also higher in the first 15 years than when the well was shut-in.   239 
 240 
Fig. 4  Comparison of CO2 dissolved and capillary trapped over simulation period of 241 
continuous CO2 injection 242 
3.2 CO2 continuous injection followed by post-brine injection 243 
Leonenko et al. (2006) suggest brine injection to accelerate dissolution by pumping the brines from 244 
under-saturated regions to regions occupied by CO2. Nevertheless, their proposed time frame of brine 245 
injection is 200 years meaning that the operational cost for this duration could be prohibitive. As such, 246 
a relatively short period of post-brine injection may be considered as an alternative of the long-term 247 
brine injection. 248 
Therefore, two years of post-brine injection with the same composition as the initial brine was 249 
injected into the aquifer in order to investigate its effect on trapping efficiency. This duration of brine 250 
injection was the longest timeframe where no breakthrough occurred. After that, the CO2 reached to 251 
the producer. 252 
 As seen in Fig. 5, both the trapping and dissolution efficiency increased dramatically by adding the 253 
post-brine injection into the system. In this respect, the amount of CO2 dissolved experienced a 254 
considerable increase of 22 % when the brine was injected into the aquifer. However, this increase 255 
was just about 10% for the trapping efficiency. Seemingly, the brine injection made more of an 256 
impact on the dissolution rate of CO2 than on capillary trapping. In this case, the amount of mobile gas 257 
demonstrated a 21 % decrease during the sequestration process, reducing from 73 % to 52 %.  258 
 259 
Fig. 5  Comparison of the amount of CO2 immobilised in two cases of continuous CO2 260 
injection with and without post-brine injection 261 
This increase in dissolution can be explained by the fact that when brine was injected into the system, 262 
more CO2 spread out through the aquifer, and as a consequence, by increasing the interfacial area of 263 
existing CO2 , the amount of dissolution as a result of mass transfer increased significantly. 264 
Furthermore, the effect of convection can be stronger in the case of brine injection creating a stronger 265 
density instability and thus a more rapid initiation of convection. 266 
The CO2 distribution during and after injection is shown in Fig. 6. It is seen that during brine 267 
injection, most of CO2 was affected by injected brine enhancing the effectiveness of the sequestration 268 
process. Clearly, brine displaced CO2 laterally away from the wells resulting in a forced imbibition 269 
process and therefore improving capillary trapping. 270 
  271 
Fig. 6  CO2 distribution through the aquifer over simulation period of continuous CO2 272 
injection followed by post-brine injection 273 
In the following, the impact of a number of variables on post-brine injection efficiency are evaluated. 274 
3.2.1 Impact of Kv/Kh ratio on post-brine injection efficiency 275 
In the previous section, a Kv/Kh ratio of 0.1 was used. This means that vertical permeability is only 10 276 
mD which is considered to be low. Therefore, this may delay the upwards migration of the CO2 due to 277 
buoyancy forces and, as a consequence, a major proportion of it could be exposed to the injected brine 278 
within the same completion interval. However, this may be different for various vertical permeability 279 
values. To make this scenario clear and to investigate the effect of vertical permeability on the 280 
effectiveness of post-brine injection, a sensitivity analysis on different Kv/Kh ratios and horizontal 281 
permeabilities was carried out and the results were compared. The different Kv/Kh ratios chosen are 282 
shown in Table 3. 283 
 284 
 Table 3 Sensitivity analysis on different Kv/Kh ratios 285 
NO. Kv/Kh Vertical Permeability 
(mD) 
1 0.1 10 
2 0.5 50 
3 1 100 
 286 
As shown in Fig. 7, as the vertical permeability increased, the amount of both capillary and 287 
dissolution trapping decreased, resulting in a reduction in the effectiveness of the post-brine injection. 288 
As such, dissolution trapping decreased from 22% to 19% and 16.9%, when the Kv/Kh ratio increased 289 
from 0.1 to 0.5 and 1, respectively. Furthermore, the capillary trapping index fell by about 7% and 290 
10% when Kv/Kh ratio increased from 0.1 to 0.5 and 1, respectively. Seemingly, the results suggest 291 
that capillary trapping was more affected by the vertical permeability variation than the dissolution of 292 
CO2. 293 
 294 
Fig. 7  Amount of CO2 immobilised in different Kv/kh ratios 295 
In terms of CO2 distribution as shown in Fig. 8, the tendency of CO2 to migrate upwards increased 296 
clearly as the vertical permeability enhanced, and therefore when the brine was injected, less CO2 was 297 
available to come in contact with it. Accordingly, there was a decrease in the total amount of CO2 298 
trapping and a higher proportion of the mobile CO2 accumulated at the top of the aquifer.  299 
 In a study, Kumar et al. (2005) stated that at small values of Kv/Kh, there is more horizontal 300 
movement of the CO2 in the layers into which injection occurred. At larger values, there is more 301 
vertical migration followed by movement along the top seal, which is in agreement with our findings. 302 
 303 
Fig. 8  CO2 distribution through the aquifer over simulation of continuous CO2 injection 304 
followed by post-brine injection with Kv/Kh =1 305 
Nonetheless, as shown in Fig. 8, after only 22 years, the CO2 plume reached the boundary where the 306 
simulation was stopped in order to avoid producing CO2. It seems that the presented strategy of post-307 
brine injection in aquifers with high vertical permeability may not be very effective.  308 
3.2.2 Impact of brine injection rate on trapping efficiency 309 
To investigate the effect of post-brine injection rate on the overall performance of the trapping 310 
efficiency, the same volume of brine for two cases of 250 (rm3/day) over two years and 50 (rm3/day) 311 
over 10 years was injected into the aquifer.  312 
As shown in Fig. 9, as the rate of post-brine injection increased, the final amount of both trapped and 313 
dissolved CO2 was enhanced. As such, both the dissolved and trapping efficiency experienced about a 314 
2% enhancement when the rate of the brine injection increased from 50 (over ten years) to 250 (over 315 
two years).  316 
  317 
Fig. 9  Amount of CO2 immobilised in simulation of two different injection rates 318 
This difference may be explained by the fact that at the same time of the brine injection, the injected 319 
CO2 was gradually migrating to the top of the aquifer. In other words, injected CO2 was getting away 320 
from the injection well due the fact that the completion interval was at layers 60 – 90. This means that 321 
proportions of CO2, which had already reached to the top of the aquifer, were no longer in contact 322 
with the injected brine. However, for lower brine injection rates, a reduced fraction of the CO2 came 323 
into contact with the injected brine. This clearly led to a reduction in the overall amount of trapped 324 
CO2.  325 
3.2.3 Impact of duration of post-brine injection 326 
Another important question is whether or not the extension of the brine injection has any effect on the 327 
overall trapping efficiency. To investigate this, we continued the brine injection with a rate of 250 328 
rm3/day over a period longer than two years. The results are shown in Table 4. 329 
Table 4  Brine injection in various durations 330 
NO. Rate of injection (Res M3/day) Duration of injection (Years) 
1  250 2 
2 250 3 
3 250 4 
4 250 5 
5 250 5 (+250 days) 
 331 
 It should be mentioned that the injection continued just before the production well started to produce 332 
CO2. Therefore, in the last case, the simulation was run for five years and 250 days, since after that 333 
the well would have gone to CO2 breakthrough.  334 
As shown in Table 5, as the duration of brine injection increased, the overall trapping efficiency was 335 
enhanced. For instance, the total amount of total trapping increased from 47.71 % to 60.76 % after the 336 
five years and 250 days injection period. Another interesting point was the considerable difference 337 
between capillary and dissolution trapping. Obviously, the amount of capillary trapping experienced a 338 
small surge of about 1% when the duration of injection increased from two to three years. After third 339 
year, no change could be seen in the capillary trapping. This means that brine injection could not 340 
affect the capillary trapping afterwards. 341 
On the other hand, dissolution trapping demonstrated a continual dramatic enhancement as the 342 
duration of brine injection increased. As shown in Fig. 10, the enhancement trend steadily increased 343 
until the end of the brine injection period. 344 
Table 5  Amount of CO2 immobilized over the simulation period with five different durations of brine 345 
injection 346 
Scenario Dissolution 
Trapping (%) 
Capillary 
Trapping 
(%) 
Total 
Trapping (%) 
Mobile CO2 
(%) 
Two years post-brine 
injection 
22.13 25.58 47.71 52.29 
Three years post-brine 
injection 
25.69 26.45 52.14 47.86 
Four years post-brine 
injection 
28.90 26.54 55.44 44.56 
Five years post-brine 
injection 
32.08 26.56 58.65 41.35 
 Five years and 250 days  
post-brine injection (Before 
breakthrough)  
34.18 26.58 60.76 39.24 
 347 
 348 
Fig. 10 Dissolution trapping over simulation period with five different duration of post-brine 349 
injection 350 
3.3 Simultaneous injection of CO2/brine in same interval 351 
In a study conducted by Burton and Bryant (2009), a process in which CO2 was dissolved in brine 352 
before injection into deep subsurface formations, was examined. They stated that since the CO2-laden 353 
brine dissolved at surface facilities is slightly denser than brine containing no CO2, the complete 354 
dissolution of all CO2 has zero risk of leaking from the target aquifer. They also mentioned that 355 
although this results in higher costs, surface dissolution may be attractive when the costs of 356 
monitoring or ensuring against buoyancy-driven CO2 leakage exceed these additional costs.  357 
In another research programme (Eke et al., 2011), a scenario of CO2/brine surface mixing has been 358 
simulated. Their findings showed that dissolving CO2 into brine at the surface facilities before 359 
injection into geologic formations produces a CO2-saturated-brine stream with a density slightly 360 
higher than the original brine in the formation.  This is capable of eliminating the buoyancy force 361 
which is a strong driving force to bring CO2 to the surface. They also claimed that immobilized CO2 362 
 will remain in place indefinitely, even if the integrity of the seal is suspect and no additional time is 363 
required for immobilization after injection ends. 364 
Furthermore, in a study conducted by Shariatipour et al. (2016), the advantages of the concept of the 365 
down-hole mixing (DHM) method of brine with CO2 have been shown. They noted that by 366 
applying this strategy, there is little overall pressure increase, because CO2 is mixed with brine 367 
extracted from the formation, and also the extracted brine is already at high pressure when it is 368 
mixed with the CO2, greatly increasing the solubility of CO2 and reducing the volume of brine 369 
required. Their findings showed that the upward migration of CO2 in the reservoir can be limited 370 
to viscous effects during the injection period, and that during the subsequent shut-in period 371 
gravity segregation displaces the CO2 saturated brine downwards, thereby increasing the storage 372 
safety. 373 
As such, a co-injection of CO2 and brine was designed in order to investigate the effect of the 374 
simultaneous injection of brine and CO2 in a same interval. For the first three years, both CO2 and 375 
brine with the same rate of 20 (Res M3/day) (1:1 ratio) were injected into the aquifer. Then, when the 376 
pressure of the aquifer built up to around 305 bar, the production well started to produce with the 377 
same rate as overall injection rate. This process continued for 15 years overall, and the well was 378 
subsequently shut-in for 100 years.  379 
The main advantage of this scenario compared to the base case was in the higher amount of dissolved 380 
CO2, which is in agreement with previous studies where improvements in CO2 dissolution were 381 
reported.  As such, the dissolution efficiency increased by about 4.2 % from 9.8 % to 14 %. However, 382 
the trapping efficiency showed a slight increase of only 0.4 % compared to the base case.  383 
This dramatic rise in dissolution may be qualified by a number of hypotheses. First, by simultaneously 384 
injecting CO2/brine into the system, leading to a wider spreading of the CO2 plume, the interfacial 385 
area of CO2 in contact with the formation brine increases significantly. This means that the mass 386 
transfer between the CO2 and the formation brine is enhanced and, as a consequence, the CO2 387 
dissolution is also enhanced (Juanes et al., 2006).  388 
 In addition, Qi et al. (2008) showed that simultaneously the injection of CO2 and water mitigates the 389 
mobility contrast between injected and displaced fluids, leading to a more stable and uniform sweep 390 
and higher storage efficiencies than injecting CO2 alone. Moreover, by adding brine into the injection 391 
stream, it mixes with supercritical CO2 leading to an increase in the mixture’s density and viscosity. 392 
This means that the density difference between the injected stream and native formation brine 393 
increases. Consequently, the Rayleigh number increases leading to a decrease in the onset time of 394 
convective mixing and increase in the convective mixing efficiency.  395 
As shown in Fig. 11, simultaneous brine injection resulted in a higher amount of lateral spreading of 396 
the CO2 through the aquifer. However, a great disadvantage of this strategy is that simultaneous brine 397 
injection results in faster upwards migration as the injection rate is doubled (CO2 plus brine). This 398 
results in the injected brine pushing the CO2 upwards and therefore it takes less time for the mobile 399 
CO2 to reach the top of the aquifer, where it accumulates. 400 
 401 
Fig. 11  Lateral expansion of CO2 through the aquifer after 15 years in two cases: 1-402 
continuous CO2 injection and 2-simultaneous CO2/brine injection 403 
 404 
 405 
 3.4 Simultaneous injection of CO2/brine in same interval followed by post-brine injection 406 
The effect of a short period of post-brine injection after the end of the main CO2 injection was newly 407 
investigated. Therefore, a two-year brine injection scenario was carried out at the end of the 15 years 408 
of simultaneous injection of CO2/brine. In this injection strategy, the total trapping efficiency 409 
experienced a dramatic increase of 14%, compared to the same strategy without post-brine injection, 410 
reaching 44% of CO2 trapping, including an 8% increase in solubility efficiency and about 5% in 411 
capillary trapping efficiency. Even though the strategy of simultaneous CO2/brine injection without 412 
post-brine injection could barely affect the capillary trapping by just 0.4 % enhancement compared to 413 
the base case, adding post-brine injection significantly improved the figure to about 5% increase. As 414 
mentioned earlier, this enhancement may be explained by a stronger lateral spreading of CO2 as a 415 
consequence of post-brine injection which results in a forced imbibition and thereby enhancing the 416 
capillary trapping efficiency. 417 
Nevertheless, the results showed that this post-brine injection scenario was less efficient than the 418 
strategy of two years post-brine injection following 15 years continuous CO2 injection. As shown in 419 
Fig. 12, despite the fact that the dissolved CO2 remained at 22 %, trapped CO2 showed a considerable 420 
difference, where the figure was lower in the scenario of simultaneous CO2 /brine followed by two 421 
years of brine injection.  Obviously, the CO2 distribution in these two cases was totally different and 422 
as shown in Fig. 13, when CO2/brine was injected simultaneously into the reservoir, the CO2 spread 423 
further out through the aquifer than when CO2 was injected in the reservoir alone. Therefore, when 424 
additional brine was post-injected through the aquifer, less CO2 was available to come into contact 425 
with the injected brine and consequently the CO2 trapping was not as effective. 426 
  427 
Fig. 12  Comparison of the amount of CO2 immobilized in two cases of continuous CO2 428 
injection and simultaneous CO2 and brine injection, both followed by 2 years post-brine 429 
injection 430 
 431 
 432 
Fig. 13  Comparison of CO2 distribution through the aquifer in two cases of continuous CO2 433 
injection followed by two years post-brine injection (right) and simultaneous CO2/ brine 434 
injection followed by two years post-brine injection (left) 435 
 3.5 Simultaneous injection of CO2/brine in different intervals  436 
In this scenario, two different intervals in same injection well were considered. As such, the upper 437 
interval completed in 20-35, was used to inject brine, and the lower one completed in 60 – 90, was 438 
used to inject CO2. 439 
Similar to other scenarios, the brine and CO2 were simultaneously injected for the first three years 440 
with a same rate of 40 (Res. m3/day). Subsequently, when the pressure increased to around 305 bar, 441 
the production well started to produce brine with the same rate as the total injection rate (40 rm3/day). 442 
The injection process was then continued for another 12 years and finally the wells were shut-in for 443 
100 years and eventually the trapping efficiency was determined.  444 
As shown in Fig. 14, this scenario for CO2 sequestration showed great promise since a total of 39.7% 445 
of the injected CO2 into the aquifer was trapped during the sequestration process. This indicated a 446 
dramatic increase compared to the base case reaching of 26 % to 39.7 %. In addition, this strategy 447 
showed a 9 % increase compared to when the CO2/brine were injected simultaneously in same 448 
interval. Furthermore, the amount of dissolved CO2 almost doubled in comparison to the base case. 449 
Another interesting point was that, even though the previous injection strategy (simultaneous 450 
CO2/brine injection in the same interval) did not enhance the capillary trapping compared to the base 451 
case, the injection in different intervals saw it increase from 16 % to 22 %.  452 
 453 
 Fig. 14  Comparison of the amount of CO2 immobilized in three cases of continuous CO2 454 
injection, simultaneous CO2/brine injection in same and different intervals 455 
In this respect, a similar simulation study was conducted by Nghiem et al. (2009) using two different 456 
intervals of a single well for CO2 and brine injection. They noted that capillary gas trapping was 457 
promoted through injecting CO2 near the bottom of the aquifer by the downer interval with brine 458 
injection by the upper one.  This is a result of the imbibition when CO2 rises to the top of the aquifer 459 
due to buoyancy.  460 
In fact, in this injection design, as a result of buoyancy and gravity forces causing the CO2  to migrate 461 
upwards and the brine to move downwards, a counter-current flow is formed. This counter-current 462 
flow of CO2 and brine meets each other in the space between two injectors. As such, the counter-463 
current flow induces imbibition and enhances capillary trapping during and after the brine injection 464 
stage (Nghiem et al., 2009).  465 
Our results shows that this counter-current flow also leads to enhance the spreading of the CO2 to out 466 
wider through the aquifer leading to an increase surface area and therefore extra contact of the CO2 467 
with the under-saturated brine in the aquifer. Consequently, the amount of dissolution may increases 468 
as a result of mass transfer. 469 
Another interesting point was that brine injection in the upper intervals delayed the CO2 in reaching 470 
the top of the aquifer, resulting in more effective trapping. As shown in Fig. 15, it took 53 years for 471 
the CO2 to reach the top of the aquifer when brine and CO2 were injected into the aquifer within 472 
different completion intervals. However, this time span reduced to just 15 years when CO2 alone was 473 
injected continuously. In addition, when CO2/brine was injected simultaneously in the same interval, 474 
it took just 12 years for the CO2 to reach the top of the aquifer, which could be considered as a 475 
disadvantage for that strategy.  476 
  477 
Fig. 15  Injected CO2 reaching to the top of the aquifer in different periods of time in three 478 
cases: 1-continuous CO2 injection after 15 years; 2-simultaneous CO2 /brine injection in 479 
same intervals and; 3- simultaneous CO2 / brine injection in different intervals after 53 years 480 
The CO2 distribution of this strategy is shown in Fig. 16. 481 
  482 
Fig. 16  CO2 distribution through the aquifer over simulation period for the simultaneous 483 
injection of CO2 / brine in different intervals 484 
As shown in Fig. 17 and Fig. 18, the initial rates of both trapping and dissolution were higher when 485 
CO2/brine was injected in the same interval. However, when the well was shut-in after 15 years, both 486 
rates of dissolution and trapping experienced a very slight increase. On the other hand, when the 487 
injection intervals were different, although the initial rate of dissolution and trapping were less, the 488 
final amount was higher and following the shut-in-well, the CO2 trapping continued to increase. This 489 
may be explained by the fact that after shut-in-well of the brine injector, since the counter-current 490 
flow accelerated, the trapping efficiency improved leading to more CO2 becoming trapped.  491 
  492 
Fig. 17  Comparison of dissolved CO2 over simulation period in two cases of simultaneous 493 
injection of CO2/brine in same and different intervals 494 
 495 
 Fig. 18  Comparison of capillary trapped CO2 over simulation period in two cases of 496 
simultaneous injection of CO2/brine in same and different intervals 497 
 498 
To examine the effect of the location of the CO2 and brine injector, a number of additional intervals 499 
were selected for further investigation. Furthermore, as the vertical permeability may also have an 500 
effect on the trapping performance, the analysis was coupled with different vertical permeabilites. As 501 
such, the interval of the CO2 injector remained unchanged (60-90), while the intervals of the brine 502 
injector were chosen as shown in Table 6. 503 
Table 6 Sensitivity analysis on different Kv/Kh ratios and brine injector intervals 504 
Kv/Kh ratio Vertical Permeability (mD) Interval of brine injector 
0.1 10 5 - 20 
20 - 35 
35- 50 
0.5 50 5 - 20 
20 - 35 
35 - 50 
1 100 5 - 20 
20 - 35 
35 - 50 
 505 
As shown in Table 7, as a result of increasing the vertical permeability, both the capillary and 506 
dissolution trapping decreased. As discussed earlier, the higher vertical permeability resulted in a 507 
higher upward migration of CO2 and therefore less became available for trapping.  508 
 On the other hand, as the displacement of the brine and CO2 injector decreased, the total amount of 509 
trapped CO2 increased. Another important thing was that the same behaviour of total trapping 510 
enhancement was seen when the two injectors were closer in three different vertical permeabilties. 511 
This means that this behaviour can be experienced whatever the vertical permeability might be. 512 
Table 7  Amount of CO2 immobilised over simulation period in different Kv/Kh ratios and brine 513 
injector intervals 514 
Kv/Kh ratio Injector 
intervals 
Dissolution 
trapping (%) 
Capillary 
trapping (%) 
Total trapping 
(%) 
Mobile CO2 
(%) 
0.1 5 - 20 17.55 22.21 39.77 60.23 
20 -35 17.55 22.21 39.77 60.23 
35 - 50 18.61 23.72 42.33 57.67 
0.5 5 - 20 16.26 20.18 36.45 63.55 
20 -35 16.26 20.18 36.45 63.55 
35 - 50 16.87 20.97 37.84 62.16 
1 5 - 20 14.3 17.13 31.43 68.57 
20 -35 14.31 17.13 31.44 68.56 
35 - 50 14.63 17.48 32.11 67.89 
 515 
3.6 Simultaneous injection of CO2/brine in different intervals followed by post-brine injection 516 
In this part, the effect of the short period of post-brine injection on simultaneous CO2/brine injection 517 
in different intervals was newly investigated. Therefore, two years of post-brine injection with a rate 518 
of 250 (Res m3/day) was added into the system. As shown in Fig. 19, the results were very promising. 519 
In this regard, the total amount of trapped CO2 showed a significant increase of 23% compared to the 520 
same scenario without a post-brine injection.  521 
  522 
Fig. 19  Comparison of the amount of CO2 immobilized in two cases of simultaneous 523 
CO2/brine injection in different intervals with and without post-brine injection 524 
In this injection design, the addition of 2 years post-brine injection improves the counter-current flow 525 
formed as a result of buoyancy and gravity forces which causes the CO2 migrates upward and the 526 
brine move downward. In addition, post-brine injection can help the CO2 to spread out much wider 527 
through the aquifer than the same strategy without post-brine injection. This leads to enhancing 528 
contact of the CO2 with the under-saturated brine in aquifer. This wider spreading of the CO2 529 
compared to the base case of continuous CO2 injection can be seen in Fig. 20. 530 
  531 
Fig. 20  Lateral expansion of CO2 through the aquifer after 15 years in two cases of 1-532 
continuous CO2 injection and 2-simultaneous CO2/brine injection in different intervals 533 
The CO2 distribution of the process is seen in Fig. 21. Clearly, when the post-brine was injected into 534 
the aquifer, the CO2 was seen to spread further. This also delayed the CO2 in reaching the top of the 535 
aquifer and therefore the total amount of trapped CO2 became considerably enhanced.   536 
  537 
Fig. 21  CO2 distribution through the aquifer over simulation period of simultaneous injection 538 
of CO2 /brine in different intervals followed by 2 years post-brine injection 539 
3.7 Horizontal well injection 540 
One of the reasons for the low overall trapping efficiency is the accumulation of CO2 around the well 541 
bore which prevents it from being exposed to a fresh brine and therefore maintaining an efficient 542 
trapping and dissolving reaction. Anchliya et al. (2012) initially proposed an effective way to reduce 543 
the CO2 concentration around the wellbore through brine injection above the perforation using a 544 
horizontal well. They used two horizontal wells for CO2 and brine injection and also two production 545 
wells next to the injectors. They noted that locating two production wells around the injectors impedes 546 
the upward movement of CO2 more than when there is no horizontal production well. Nevertheless, 547 
this design may be prohibitive as some additional long distance horizontal wells need to be drilled. 548 
This will be more important in a real field when it may need more than one set of injections and 549 
productions wells. 550 
Therefore, in this study, no horizontal production well was put in and as with the previous scenarios, 551 
there was just one vertical brine producer at the right corner of the model used just for maintaining the 552 
pressure in a favourable range. The second difference between our model and the one proposed by 553 
 Anchliya et al. (2012) was that unlike their work, our strategy was based on stopping the injection 554 
before the CO2 went into breakthrough in the production well.  555 
Accordingly, two horizontal injection wells were designed and perforated in the model. The upper 556 
injection well, perforated in layer 50 with a length of 900 (m) used for brine injection and the downer 557 
well completed in the lowest layer with the length of 750 (m) used for the CO2 injection. The length 558 
of brine injector needs to be higher than the gas one. This is as a result of the shape of the gas 559 
following expansion. The CO2 and brine injection rates were the same for the previous scenarios. 560 
As shown in Fig. 22, the overall trapping efficiency demonstrated a dramatic increase of 33%, 29% 561 
and 20% compared to the base case, the simultaneous injection of CO2/brine in the same and different 562 
intervals, respectively.  563 
 564 
Fig. 22  Comparison of the amount of CO2 immobilised over simulation period of 4 different 565 
cases of continuous CO2 injection, horizontal well injection and simultaneous CO2/brine 566 
injection in same and different intervals 567 
In this respect, a 17%, 12% and 9% enhancement was achieved for the dissolution trapping compared 568 
to the base case and the simultaneous injection of CO2/brine injection in same and different intervals, 569 
respectively. For capillary trapping efficiency, the figure doubled in comparison to the base case with 570 
the simultaneous injection of CO2/brine in same interval reaching 33%. Furthermore, an 11% 571 
 enhancement was experienced for the capillary trapping compared to the simultaneous CO2/brine 572 
injection in different intervals. This showed that implementing horizontal wells could enhance both 573 
the capillary and dissolution efficiency significantly.  574 
In the research conducted by Anchliya et al. (2012), they suggested that the brine injection over the 575 
CO2-injection well reduced the velocity of the rising plume three-fold and finally that almost 90% of 576 
the CO2 can be immobilized as early as early as 50 years after the start of injection. They also stated 577 
that the amount of capillary trapped CO2 far exceeds the amount of dissolved CO2 which is in not 578 
quite in agreement with our findings as both dissolution and capillary trapping showed a significant 579 
increase compared to the base case.  580 
Another important point in the horizontal systems is that the effective placement of horizontal 581 
injectors leads to the lateral spreading of the CO2. This means that in addition to its upward movement 582 
due to buoyance forces, as a result of spreading the injection well within the aquifer horizontally, 583 
which in our case is about ½ of reservoir length, the CO2 will spread more effectively. As a 584 
consequence of its wider spread, the CO2 plume is exposed to more fresh brine accelerating the 585 
dissolution and trapping efficiency.  This clearly can be seen in Fig. 23. 586 
  587 
Fig. 23 Comparison of CO2 distribution through the aquifer after 15 years in 4 different cases: 588 
1-continuous CO2 injection; 2-simultaneous CO2/brine injection in same intervals; 3- 589 
simultaneous CO2/brine injection in different intervals and; 4- horizontal design 590 
Furthermore, this design of a top brine injector creates a downward pressure gradient that counters the 591 
tendency of the CO2 plume to rise. As shown in Fig. 24, this retarded the CO2 in reaching the top of 592 
the aquifer and increased the time that the CO2 is in contact with the fresh formation brine.  593 
  594 
Fig. 24 CO2 distribution through the aquifer over simulation period of horizontal injection 595 
As mentioned earlier, one of the main reasons for the low overall trapping efficiency is the 596 
accumulation of CO2 around the well bore which prevents it from encountering fresh brine and 597 
continuing to be immobilised efficiently. In the horizontal system, the CO2 continuously comes across 598 
fresh brine within the aquifer.  599 
However, in ordinary CO2 injection systems, the injected CO2 creates a dense inverted funnel-shaped 600 
plume around the wellbore, preventing the CO2 coming into contact with fresh brine. Therefore, the 601 
horizontal design not only delays the CO2 in reaching the top of the aquifer and reducing the 602 
accumulation of CO2 at the top, but also provides an increased interfacial area for the ongoing 603 
trapping and dissolution of the CO2 (Anchliya et al., 2012).  604 
3. 8 Horizontal design followed by post-brine injection 605 
In this part, the effect of the short period of post-brine injection in the horizontal design was newly 606 
investigated. As such, a brine injection was added into the system to investigate whether the strategy 607 
of a horizontal design can be improved in terms of CO2 trapping efficiency.  608 
Unlike the other scenarios where two year’s brine was injected into the model, after about 370 days, 609 
the production well started to produce CO2, which was normal as the injection well was much closer 610 
 to the producer than the vertical injector. Therefore, to avoid breakthrough, only 365 days of brine 611 
injection was applied to the simulation. 612 
As shown in Fig. 25, adding post-brine injection enhanced the performance of horizontal system. The 613 
overall trapping efficiency demonstrated an increase of about 4 %, achieving 63% in total.  This is the 614 
highest amount of total trapping obtained for all the scenarios, even though unlike the other strategies, 615 
brine was injected for only one year at the end of the 15-year injection period.  616 
 617 
Fig. 25  Comparison of the amount of immobilised CO2 over simulation period in two cases 618 
of horizontal injection with and without post-brine injection 619 
Moreover, as shown in Fig. 26, this design creates a stronger downward pressure gradient that 620 
counters the tendency of the CO2 plume to rise and therefore this retards the CO2 in reaching the top 621 
of the aquifer and increases the time that the CO2 is in contact with the fresh formation brine 622 
accordingly. Another important point in this design is the more effective lateral spreading of CO2 by 623 
adding the post injection of brine into the system which enhances the dissolution trapping efficiency 624 
significantly.  625 
  626 
Fig. 26  CO2 distribution through the aquifer at the end of the simulation in two cases: 1-627 
horizontal injection with post-brine injection and; 2- horizontal injection without post-brine 628 
injection 629 
Another important factor is the distance between the two injection wells. The importance of the 630 
perforation interval in the horizontal design has been mentioned in the research conducted by 631 
Anchliya et al. (2012). However, no further explanation has been reported. Therefore, in order to 632 
investigate the possible effects of perforation intervals, a sensitivity analysis, including various 633 
distances, was newly conducted. The design details are shown in Table 8. 634 
Table 8  Sensitivity analysis on location of brine injector in horizontal injection scenario 635 
NO. Layer completed of brine injector Distance with CO2 injector 
(m) 
1 80 20 
2 70 40 
3 60 60 
4 55 70 
5 50 80 
6 45 90 
 7 40 100 
8 30 120 
9 20 140 
10 10 160 
 636 
As shown in Table 9, despite the fact that the changes were not that considerable, as the brine injector 637 
became further removed from the CO2 injector, the trapping efficiency increased. However, this 638 
continued until an optimum distance and after that the behaviour was reversed. In this regard, the best 639 
results were obtained when the distance was 80 (m) between two injectors (brine injector was placed 640 
in layer 50). From this layer, as the distance moved either farther or closer to the CO2 injector, the 641 
trapping efficiency decreased. 642 
Table 9  Comparison of the amount of immobilised CO2 over simulation period with different 643 
intervals of brine injector  644 
Brine injector 
interval 
Dissolution 
trapping (%) 
Capillary 
trapping (%) 
Total trapping 
(%) 
Mobile CO2 (%) 
80 24.87 31.66 56.53 43.47 
70 25.89 32.98 58.87 41.13 
60 26.02 33.08 59.1 40.90 
55 26.03 33.14 59.18 40.82 
50 26.06 33.04 59.3 40.8 
45 26.18 33.17 59.24 41.2 
40 25.85 32.79 58.63 41.37 
30 24.37 31.36 55.73 44.27 
20 24.31 31.23 55.53 44.47 
10 23.17 30.85 54.56 45.44 
 We hypothesise two possible reasons for this behaviour. When the brine injector is too far from the 645 
CO2 injector, the advantage of the downward pressure gradient can be eliminated since the CO2 is no 646 
longer exposed efficiently by the pressure waves. However, as this space between the two injectors is 647 
too wide, the greater volume of CO2 can take advantage of a counter-current brine flow leading to 648 
more efficient trapping. Accordingly, the distance between the two injectors must be an optimum-649 
neither too far resulting in the elimination of the downward pressure gradient, nor too close leading to 650 
a limiting of the space where the injected CO2 and brine can interact.  651 
3.9 CO2/brine alternating injection  652 
An alternating CO2 and brine injection, inspired by the water alternating gas injection (WAG) process 653 
was carried out. In this process, five cycles of brine and CO2 injection was conducted. For the first 654 
two years, CO2 with the rate of 20 (Res m3/day) was injected into the reservoir. This was followed by 655 
a one-year brine injection at the same rate. These three-year periods were repeated for 5 cycles. After 656 
3 years, the production well started to produce brine for pressure maintenance purposes as discussed 657 
earlier. After a total of five cycles of injection, the well was shut in and simulation advanced for 100 658 
years. 659 
In this regard, the overall trapping efficiency experienced an enhancement of 26% to 35% compared 660 
to the base case. In this regard, dissolution trapping efficiency demonstrated about 5% and capillary 661 
trapping about 4% increase. 662 
As shown in Fig. 27, at the end of the simulation, the extent of CO2 at the top of the aquifer was less 663 
compared to the base case. This means that alternating the brine injection leads to more CO2 being 664 
trapped and, as a consequence, the amount of CO2 accumulation at the top of the aquifer being 665 
reduced. 666 
  667 
Fig. 27  Comparison of CO2 distribution within the aquifer at the end of the simulation in two 668 
cases of 1-continuous CO2 injection and 2-WAG 669 
As Juanes et al. (2006) stated, the injection of water slugs alternating with CO2 injection increases the 670 
effectiveness of the sequestration project. The injected water forces the breakup of large connected 671 
CO2 plumes, enhancing the trapping and immobilization of the CO2. 672 
In the following, the CO2 distribution process in the whole simulation is shown in Fig. 28.  673 
  674 
Fig. 28  CO2 distribution through the aquifer over simulation period of WAG 675 
 676 
3.10 Overall CO2 trapping results 677 
The overall results of CO2 trapping are shown in Table 10. Obviously, our presented strategy of using 678 
a short period of post-brine injection can significantly improve the total trapping efficiency and all the 679 
strategies including this brine injection show a high amount of CO2 immobilisation. In this regard, 680 
both horizontal well design followed by one year brine injection and simultaneous CO2/brine injection 681 
in different intervals followed by two years brine injection experienced the two highest amounts of 682 
CO2 trapping with 63.87% and 62%, respectively. Nonetheless, horizontal well injection without any 683 
brine injection was also one of the effective strategies showing 59% of CO2 being trapped over 115 684 
years. Meanwhile, continuous CO2 injection as a base case experienced the least amount of CO2 685 
trapping with only 26.21% after a 115-year simulation period. Last but not least, CO2/brine alternating 686 
injection also enhanced the trapping efficiency, 35% in total. This was a better efficiency than both 687 
the base case and simultaneous CO2/brine injection without post-brine injection.  688 
 689 
 690 
 Table 10 Overall simulation results of immobilised CO2 in different injection scenarios 691 
Injection strategies Dissolution 
trapping 
(%) 
Capillary 
trapping 
(%) 
Total 
trapping 
(%) 
Mobile 
CO2 
(%) 
CO2 continuous Injection (Base case) 9.8 16.4 26.2 73.8 
CO2 continuous injection followed by 2 
years post-brine injection 
22.1 25.6 47.7 52.3 
Simultaneous CO2/brine Injection 14.0 16.8 30.8 69.2 
Simultaneous CO2 /brine injection followed 
by 2 years brine injection 
22.4 21.8 44.2 55.8 
Simultaneous CO2/brine injection in 
different intervals 
17.6 22.2 39.8 60.2 
Simultaneous CO2/brine injection in 
different intervals followed by 2 years  
post-brine injection 
28.6 33.5 62.0 38.0 
Horizontal well injection 26.1 33.0 59.1 40.9 
Horizontal well injection followed by 1-
year brine injection 
29.0 34.9 63.9 36.1 
CO2/brine alternating injection 15 20 35 75 
 692 
As shown in Fig. 29, the strategies used in this study are ranked based on their performance to trap 693 
CO2 most efficiently. 694 
 695 
  696 
Fig. 29  The ranking of strategies used based on their performance to trap CO2 the most. A: Horizontal well 697 
design followed by post-brine injection; B: Simultaneous CO2/Brine Injection in different intervals followed by 698 
post-brine injection; C: Horizontal well design; D: CO2 continuous injection followed by post-brine injection; E: 699 
Simultaneous CO2/brine injection in same interval followed by post-brine injection; F: Simultaneous CO2/brine 700 
injection in different intervals; G: CO2/brine alternating injection; H: Simultaneous CO2/brine injection,  701 
 702 
4. Conclusions 703 
Our simulation results show that using a short period of post-brine injection just after the end of CO2 704 
injection could significantly improve the total trapping efficiency and all the strategies including a 705 
short period of post-brine injection showed the highest amounts of CO2 immobilisation.  706 
In general, by using post injection of brine into the system, more CO2 was spread out through the 707 
aquifer, and as a consequence, by increasing the interfacial area of the CO2 plume, the amount of 708 
dissolution as a result of mass transfer increased significantly. Moreover, the effect of convection 709 
could be stronger in the case of brine injection creating a stronger density instability and thus a more 710 
rapid initiation of convection. On the other side, when brine was injected into the system, CO2 was 711 
displaced laterally away from the wells which resulted in a forced imbibition process by injected brine 712 
and thereby enhancing the capillary trapping efficiency.  713 
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 In addition, by increasing the rate of post-brine injection, the final amount of both trapped and 714 
dissolved CO2 enhanced. However, in lower brine injection rates, a lesser fraction of CO2 came into 715 
contact with the injected brine. This clearly reduced the overall amount of trapped CO2. 716 
In addition, by increasing the duration of the post-brine injection, the overall trapping efficiency 717 
enhanced. As such, the amount of capillary trapping experienced a slight surge when the duration of 718 
injection increased. After the third year; however, no change could be seen in the capillary trapping. 719 
In contrast, the dissolution rate showed a dramatic continual enhancement as the duration of brine 720 
injection increased. 721 
However, having said that, our findings showed that the effectiveness of post-brine injection may 722 
reduce in high vertical permeability values. As such, as the vertical permeability of the aquifer 723 
increased, the amount of both capillary and dissolution trapping reduced, resulting in the decreased 724 
effectiveness of the post-brine injection. This can be the result of the tendency of the CO2 to migrate 725 
upward increasingly as the vertical permeability increases. Meanwhile, the capillary trapping was 726 
more affected by the vertical permeability variation than the dissolution. 727 
Moreover, using post-brine injection had significant effect on the efficiency of all other strategies 728 
presented in this study. In this respect, adding post-brine injection improved the effectiveness of the 729 
strategy of simultaneous CO2/brine injection in same interval and therefore the total CO2 trapping 730 
efficiency enhanced by 14 % in total.  In addition to a considerable enhancement in dissolution 731 
trapping efficiency, even though the strategy of simultaneous CO2/brine injection without post-brine 732 
injection could barely affect the capillary trapping by just 0.4 % enhancement compared to the base 733 
case, adding post-brine injection into the system significantly improved the figure to about 5% 734 
increase. As mentioned earlier, this enhancement may be explained by a stronger lateral spreading of 735 
CO2 as a consequence of post-brine injection which results in a forced imbibition process and thereby 736 
enhancing the capillary trapping efficiency.  737 
Nonetheless, our results showed that the post-brine injection strategy after simultaneous CO2/brine 738 
injection was less efficient than the strategy of two years post-brine injection following 15 years 739 
 continuous CO2 injection. Despite the fact that the dissolved CO2 remained at 22 %, trapped CO2 740 
showed a considerable difference, where the figure was lower in the scenario of simultaneous CO2 741 
/brine followed by two years of brine injection. Our explanation is that when CO2/brine is 742 
simultaneously injected into the reservoir, the CO2 spread further outwards through the aquifer than 743 
when the CO2 is injected in the reservoir alone. Therefore, when additional brine is post injected 744 
through the aquifer less CO2 is available to come into contact with the injected brine and consequently 745 
the CO2 trapping is not as effective. 746 
The effect of the post-brine injection in the simultaneous CO2/brine injection in different intervals was 747 
also very promising. As such, the total amount of trapped CO2 showed a significant increase 748 
compared to the same scenario without post-brine injection. In this injection design, the addition of 749 
two years post-brine injection may improve the counter-current flow formed as a result of buoyancy 750 
and gravity forces causing the CO2 to migrate upward and the brine move downward. Furthermore, 751 
post-brine injection could help the CO2 to spread out much wider through the aquifer than the same 752 
strategy without post-brine injection. This leads to an enhancement of the contact between the CO2 753 
and the under-saturated brine in aquifer. This also delays significantly the CO2 in reaching the top of 754 
the aquifer 755 
Moreover, adding post-brine injection enhanced the performance of horizontal system and showed the 756 
highest amount of CO2 trapping efficiency. As such, this design created a stronger downward pressure 757 
gradient that countered the tendency of the CO2 plume to rise. Consequently, this retarded the CO2 in 758 
reaching the top of the aquifer and increased the time that the CO2 could be in contact with the fresh 759 
formation brine accordingly. Another important point in this design was a more effective lateral 760 
spreading of CO2 by adding the post injection of brine into the system which enhanced the dissolution 761 
trapping efficiency significantly. 762 
Last but not least, the sensitivity analysis on the distance between the two injection wells in horizontal 763 
design showed that as the brine injector became further removed from the CO2 injector, the trapping 764 
efficiency increased. However, this continued until an optimum distance and after that the behaviour 765 
was reversed. We hypothesise two possible reasons for this behaviour. When the brine injector is too 766 
 far from the CO2 injector, the advantage of the downward pressure gradient can be eliminated since 767 
the CO2 is no longer exposed efficiently by the pressure waves. However, as this space between the 768 
two injectors is too wide, the greater volume of CO2 can take advantage of a counter-current brine 769 
flow leading to more efficient trapping. Accordingly, the distance between the two injectors must be 770 
an optimum-neither too far resulting in the elimination of the downward pressure gradient, nor too 771 
close leading to a limiting of the space where the injected CO2 and brine can interact.  772 
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